T he autosomal recessive mouse mutant reeler, which exhibits ataxia of gait, dystonic posture, and tremor (1), has provided a genetic model for neural development for half a century (2-4). Characteristic of the reeler mutant are abnormal lamination of the cerebral, cerebellar, and hippocampal cortices and neuronal ectopia in several brainstem nuclei (5-13). The gene Reln, the mutation of which is responsible for the reeler phenotype, has recently been cloned (14). Its protein product, reelin, has been identified as an extracellular matrix molecule (15). Despite such progress, the role of reelin in neuronal migration remains unknown. The migration of sympathetic preganglionic neurons reported here provides a simple model system that could facilitate studies of reelin function.
T
he autosomal recessive mouse mutant reeler, which exhibits ataxia of gait, dystonic posture, and tremor (1), has provided a genetic model for neural development for half a century (2) (3) (4) . Characteristic of the reeler mutant are abnormal lamination of the cerebral, cerebellar, and hippocampal cortices and neuronal ectopia in several brainstem nuclei (5) (6) (7) (8) (9) (10) (11) (12) (13) . The gene Reln, the mutation of which is responsible for the reeler phenotype, has recently been cloned (14) . Its protein product, reelin, has been identified as an extracellular matrix molecule (15) . Despite such progress, the role of reelin in neuronal migration remains unknown. The migration of sympathetic preganglionic neurons reported here provides a simple model system that could facilitate studies of reelin function.
Sympathetic preganglionic neurons undergo extensive migration during the development of the spinal cord. In the rat (16) (17) (18) , it has been shown that postmitotic preganglionic neurons first migrate from the neuroepithelium along radial glial fibers to the ventrolateral spinal cord. There, along with somatic motor neurons, they form a primitive motor column. Preganglionic neurons next segregate from the somatic motor neurons and undergo a secondary dorsolateral migration toward the intermediolateral column (IML) region. This secondary migration is perpendicular to radial fibers and is independent of radial glial fibers. Upon terminal migration, the majority of preganglionic neurons become localized to the IML. A small number of preganglionic neurons settle in areas adjacent to the central canal.
Results from our present study show that the migration of preganglionic neurons in the reeler mutant is disrupted. Moreover, reelin expression and in vitro function blocking studies suggest that reelin acts as a barrier to migrating preganglionic neurons.
Materials and Methods
Animals. The reeler mouse colony was originally derived from heterozygous B6C3Fe-a͞a-rl adults (The Jackson Laboratory). Homozygous and heterozygous mice were obtained by mating homozygous males with heterozygous females. The day on which a vaginal plug was detected was designated as embryonic day 0.5 (E0.5). Embryonic staging was verified by using the criteria of Rugh (19) . Embryos were genotyped by using PCR (20) .
Sympathetic Nervous System of the Mouse. The anatomy of the sympathetic nervous system is shown in Fig. 1 . Sympathetic preganglionic neurons are located primarily in the IML region of the thoracic spinal cord. Their axons exit the spinal cord in the ventral roots to enter into the paravertebral ganglia. Most preganglionic axons terminate in the paravertebral ganglia. Some axons pass through the paravertebral ganglia to innervate the prevertebral ganglia. Postganglionic neurons innervate smooth muscle, cardiac muscle, and glands.
Identification of Preganglionic Neurons in the Mouse Embryo.
Preganglionic neurons in embryos were retrogradely labeled with 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine (DiI) or fluorescent dextran amines (Molecular Probes). For dextran amine labeling, a small amount (30% in 0.1% Triton X-100 in water) was injected into the sympathetic ganglia. The preparation was maintained in an oxygenated culture at 37°C for 4 h to allow for the transport of the dextran amines. Tissue was then fixed in 4% paraformaldehyde for 30 min at 4°C and equilibrated in 30% phosphate-buffered sucrose. Twentymicrometer-thick serial sections were cut in the transverse plane with a cryostat. For DiI labeling, tissue was fixed in 4% paraformaldehyde, and a few crystals of DiI were embedded in the sympathetic ganglia. In some embryos, 3,3Ј-dioctadecyloxacarbocyanine (DiO) crystals were applied to spinal nerves to retrogradely label somatic motor neurons. Dye-injected embryos were maintained at 37°C for 2 days to allow for diffusion of the dye. Thereafter, they were serially sectioned in the transverse plane with a Vibratome at a thickness of 100 m.
Identification of Preganglionic Neurons in Postnatal
Mice. Preganglionic neurons in 1 month postnatal mice were identified by i.p. injection of 10 l of 2% Fluorogold in sterile saline (Fluorochrome, Denver). Animals were killed 1 week after and were perfused through the heart with 4% paraformaldehyde. The spinal cord was then removed, postfixed for 1 h in 4% paraformaldehyde at 4°C, and equilibrated in 30% phosphate-buffered sucrose. The thoracic spinal cord was serially sectioned at 20 m in the transverse plane with a cryostat. This method has previously been shown to label all preganglionic neurons (21).
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Embryo Slices Cultured with Reelin Function-Blocking Antibody. Spinal cord slices 400-600 m thick were cut from the T1-T2 spinal levels of E11.5 embryos and embedded in 2% low-melting-point agarose (SeaPrep; FMC) in defined medium (MEM͞progester-one 20 nM͞insulin 40 g/ml͞putrescine 1 g/ml͞sodium selenite 20 nM͞transferrin 40 g/ml; all materials from GIBCO) supplemented with nerve growth factor (15 ng͞ml; Sigma) (22) . The agarose preparation containing the embedded tissue slices was allowed to gel at 4°C for 6 min. Blocks containing individual tissue slices were cultured in the same medium saturated with 95% O 2 ͞5% CO 2 at 37°C. Experimental slices were cultured in the presence of CR-50 (a monoclonal antibody against reelin), at a concentration of 0.5-2.0 mg͞ml, similar to that used by Miyata et al. (23) . After 2 days in culture, preganglionic neurons in the experimental and control cultures were retrogradely labeled with dextran amine as described above.
Immunostaining. For immunostaining, embryos were fixed in periodate-lysine-paraformaldehyde (24) or 4% paraformaldehyde for 1 h at 4°C. The embryos were cryoprotected with 30% phosphate-buffered sucrose solution and sectioned at 20 m in the transverse plane with a cryostat. Sections were washed three times in 0.01% Triton X-100 in PBS for 10 min each and blocked with 0.5% horse serum in 0.01% Triton X-100 in PBS for 1-2 h at room temperature. Sections were then incubated at 4°C overnight with primary antibodies [CR-50, 1:200; nitric oxide synthase antibody, 1:100 (Santa Cruz Biotechnology)] and washed three times in 0.01% Triton X-100 in PBS for 10 min each. Thereafter, sections were incubated with appropriate secondary antibodies for 2 h at room temperature, washed three times in 0.01% Triton X-100 in PBS for 10 min each, and mounted in glycerol-based mounting medium.
Results

Migratory Pathways of Sympathetic Preganglionic Neurons in Wild-
Type and Reeler Mutant Mice. As a first step toward understanding the role of reelin in the migration of preganglionic neurons, the migratory pathways of preganglionic neurons in upper thoracic levels of wild-type and reeler mutant embryos were examined. Retrograde labeling of preganglionic neurons at progressive stages of development revealed that, in wild-type embryos, preganglionic neurons first migrate from the neuroepithelium to the ventrolateral spinal cord, where they become colocalized with somatic motor neurons, forming a single, primitive motor column (Fig. 2a) . Next, they segregate from the somatic motor neurons and undergo a secondary dorsolateral migration toward the IML region, where the majority of these neurons remain (Fig. 2b) . A small number of preganglionic neurons become oriented in a mediolateral direction and settle in areas adjacent to the central canal ( Fig. 2 c and d) . Counts of Fluorogoldlabeled preganglionic neurons in the thoracic spinal cord (T1-T12) of two P30 wild-type mice (Fig. 2e) showed that on average 87% of the preganglionic neurons are located in the IML, 6% adjacent to the central canal, and 7% between the IML and the central canal region. The migratory pathway of sympathetic preganglionic neurons in the mouse is, therefore, similar to that of the rat. In the reeler mutant, the initial migration of preganglionic neurons from the neuroepithelium to the ventrolateral spinal cord is the same as in the wild-type embryos (Fig. 2f ) . However, as development progresses, preganglionic neurons in the reeler mutant are found migrating back toward the central canal instead of toward their normal destination in the IML (Fig.  2g) . The majority of the preganglionic neurons settle in areas adjacent to the central canal; only a few are found in the IML ( Fig. 2 h and i) . The ectopic location of preganglionic neurons in the reeler mutant persists after birth (Fig. 2j) . Cell counts of two P30 reeler mutants showed that 89% of preganglionic neurons cluster around the central canal, 8% in the IML, and 3% between the IML and the central canal region. Thus, in the absence of reelin, preganglionic neurons do migrate, albeit inappropriately.
Embryo Slices Cultured with Reelin Function-Blocking Antibody. Recent studies on reelin function have shown that CR-50, a monoclonal antibody that recognizes an epitope in the Nterminal region of the reelin molecule (15) , disrupts the laminar pattern formation in cortical reaggregation cultures (25) , Purkinje cell alignment in cerebellar explant cultures (23), axonal branching pattern in cultures of the entorhinohipppocampal pathway (26) , and hippocampal development in vivo (27) . These studies indicate that the CR-50 epitope region of reelin is responsible for the reeler phenotype in these brain structures. To determine whether the CR-50 epitope region of reelin is also responsible for the normal migration of sympathetic preganglionic neurons, spinal cord slices were prepared from wild-type embryos before the secondary migration of sympathetic preganglionic neurons and cultured for 2 days with or without CR-50. Results show that in control slices cultured without CR-50, preganglionic neurons migrated to the IML (Fig. 3a) . However, in those slice cultures treated with CR-50, the majority of neurons migrated toward the central canal (Fig. 3b) , resembling preganglionic neuronal migration in the reeler mutant. Thus, the CR-50 epitope region of reelin is also responsible for the normal migration of sympathetic preganglionic neurons. The finding that the CR-50 epitope region of reelin is responsible for the reeler phenotype in both the brain and the spinal cord suggests that reelin is likely to function in a similar manner throughout the central nervous system. Moreover, results from this isolated spinal cord slice culture preparation show that the source of reelin and reelin-mediated mechanisms that control preganglionic neuronal migration lie solely in the spinal cord.
Relationship Between Reelin and Migrating Sympathetic Preganglionic Neurons. A major step in the pursuit of reelin function is to examine the relationship between reelin and migrating preganglionic neurons in wild-type embryos. Reelin was revealed by CR-50 immunostaining; preganglionic neurons were identified by retrograde dextran amine labeling or by nitric oxide synthase immunostaining (28, 29) . In the E11.5 embryo, reelin is found in a triangle between the neuroepithelium and the pial surface of the ventral spinal cord (Fig. 4a) . The only region that appears to be devoid of reelin is the ventrolateral spinal cord, where preganglionic and motor neurons are located. At E12.5, reelin is found in more dorsal locations of the ventral spinal cord (Fig.  4c) . Again, reelin is absent from the ventrolateral region of the spinal cord, where preganglionic and somatic motor neurons are located. The relationship between reelin and migrating preganglionic neurons is illustrated more clearly by labeling both reelin and preganglionic neurons. Results showed that reelin is found adjacent to migrating preganglionic neurons and separates them from the central canal (Fig. 4 b and d) . Moreover, the locations of preganglionic neurons and reelin do not overlap; reelin is absent from areas where preganglionic neurons are present. Results from these studies suggest that migrating preganglionic neurons might avoid areas of reelin.
Discussion
The ectopic location of sympathetic preganglionic neurons reported here is clear evidence of abnormality in the reeler spinal cord. This finding shows that reelin is also important for the normal development of the spinal cord. Although several hypotheses on how reelin might affect the formation of laminar structures in the brain have been proposed (23, 25, 27, 30 -32) , the exact role of reelin in neuronal migration is still unclear. Our results suggest that reelin may provide an inhibitory signal to neuronal migration. In wild-type embryos, most migrating preganglionic neurons are separated from regions of the central canal by reelin. When reelin is absent from the reeler mutant, the majority of preganglionic neurons migrate toward the central canal across areas of the spinal cord that are normally occupied by reelin. Similarly, when reelin function is blocked by the CR-50 antibody, most preganglionic neurons also migrate toward the central canal, traversing an area that is occupied by CR-50-bound reelin. Taken together, these findings suggest that the majority of preganglionic neurons are prevented from migrating toward the central canal by reelin. Therefore, reelin may act as a stop signal for migrating preganglionic neurons. Note, however, in wild-type mice 13% of preganglionic neurons either cluster around the central canal or are interspersed between the IML and the region of the central canal. Why some preganglionic neurons are able to traverse areas of reelin is unclear. One possible explanation is that there are multiple classes of preganglionic neurons (33) (34) (35) (36) and not all of them respond to reelin.
The present study suggests that reelin may act as a stop signal to terminate the migration of sympathetic preganglionic neurons on radial glia fibers. The initial migration of preganglionic neurons from the neuroepithelium to the ventrolateral spinal cord, which is generally thought to be mediated by radial glial fibers (16) (17) (18) , is the same in wild-type and reeler embryos. During secondary migration in the reeler mutant, migrating preganglionic neurons are oriented in the direction of radial fibers and appear to migrate back toward the central canal along radial fibers. Radial glia fibers may, therefore, be tracks along which preganglionic neurons can migrate in either direction. However, the presence of reelin in wild-type embryos might prevent preganglionic neurons from migrating back toward the central canal. Consistent with this idea are findings that glialguided neuronal migration is bidirectional in cocultures of dissociated neurons and glia but unidirectional in vivo (37) (38) (39) . Molecules such as reelin could render glial-guided migration of neurons unidirectional in vivo. That reelin can affect the migration of neurons on radial glial fibers is also suggested by the studies of Pinto-Lord et al. (40) , which showed that the extent of contact between the somatic surfaces of postmigratory neurons and the surfaces of radial glia fibers in the reeler is substantially greater than in wild-type mouse.
The function of reelin as an inhibitory or stop signal has also been suggested by studies in the cortex. During corticogenesis in the normal mouse, reelin is produced near the pial surface by Cajal-Retzius cells of the preplate. Cortical plate neurons are generated in the ventricular zone and migrate along radial glia fibers toward the pial surface. Young cortical plate neurons split the preplate and form distinct layers between the outside marginal zone and the inside subplate. It has been proposed that in the absence of reelin, the migrating cortical plate neurons do not stop and form distinct layers. Instead, they migrate past their normal destination, reverse direction, and accumulate beneath the preplate (41) .
Over the last 2 years, remarkable progress has been made in the identification of the reelin receptor and other molecules involved in the reelin signaling pathway (32, (42) (43) (44) (45) . Sympathetic preganglionic neurons offer several unique advantages over neuronal populations in the brain for the analysis of reelin signaling in control of neuronal migration. The accessibility of preganglionic axon terminals at the sympathetic chain ganglia makes it possible to introduce markers or exogenous genes by retrograde uptake into migrating preganglionic neurons. Thus, migrating preganglionic neurons can be identified, and genes that are thought to be involved in the reelin signaling pathway can be manipulated selectively. Furthermore, the migration of preganglionic neurons proceeds normally in slice cultures and can therefore be analyzed in vitro. The sympathetic system provides advantages in elucidating the role of reelin and its signaling pathway in the control of neuronal migration. This paper is dedicated to Dr. Viktor Hamburger on the occasion of his 100th birthday. We thank Willie Halfter for critical comments on the manuscript. This work was supported by National Science Foundation 
